The effect of additives on compressive strength and thermal conductivity of vermiculite-SiO 2 composites with a layered structure was investigated. Anisotropy in both properties was observed because of the layered structure produced by cellulose fibers. Both compressive strengths (58123 MPa) and thermal conductivities (1.291.34 W/m·K) in the direction perpendicular to the pressing direction (T) were higher than those (2268 MPa and 0.451.13 W/m·K) in the direction parallel to the pressing direction (S) in all samples. The compressive strength and thermal conductivity of the vermiculite-SiO 2 composite containing no additives were 54 MPa and 1.13 W/m·K when measured parallel to the pressing direction, respectively. In contrast, those of the composite containing 5 mass % TiO 2 and 5 mass % SiC were 68 MPa and 0.45 W/m·K when measured parallel to the pressing direction, respectively.
Introduction
Vermiculite is a member of the phyllosilicate group of minerals. It has the unique ability to expand to many times its original volume when heated®a property known as exfoliation. Exfoliated vermiculite has many advantages including low bulk density, chemical inertness, refractory nature, low thermal conductivity, absorption capacity, and ease of handling. These properties make the vermiculite suitable for insulating boards for various industries and houses. 1)4) Since vermiculite has no plasticity, clay minerals, phosphates, and/or borates are often used as binders for vermiculite boards. 5)8) However, such insulating boards have poor compressive strength (14 MPa).
2),5), 6) Progress in mechanical strength has been made in industrial sectors over the last few decades. State-of-art vermiculite boards can be divided into two types: light weight type and high strength type. The light weight type is made purposely to obtain the lowest possible thermal conductivity by sacrificing mechanical strength. The typical thermal conductivity and compressive strength of such boards are 0.20.5 W/m·K and 15 MPa, respectively. In contrast, the high strength type is made to have the highest strength with the help of a binder(s) by sacrificing thermal conductivity. The typical thermal conductivity and compressive strength of such boards are 0.50.8 W/m·K and 1022 MPa, respectively.
The incorporation of ceramics in vermiculite is a new approach that has received less attention. In a previous work, 9) vermiculate-ceramic (SiO 2 , Al 2 O 3 , ZrO 2 ) composites with a layered structure were prepared to improve the mechanical strength of the vermiculate-based boards and reduce the thermal conductivity in a particular direction. The composite fabricated from 35 mass % vermiculate, 30 mass % SiO 2 , 5 mass % Al 2 O 3 , 5 mass % ZrO 2 and 25 mass % cellulose fibers showed compressive strengths of 47 and 35 MPa when measured perpendicular and parallel to the pressing direction, respectively. Its thermal conductivities were 1.13 and 0.57 W/m·K when measured perpendicular and parallel to the pressing direction, respectively. 9) In contrast, the composite fabricated from 35 mass % vermiculate, 15 mass % SiO 2 , 5 mass % Al 2 O 3 , 20 mass % ZrO 2 , and 25 mass % cellulose fibers showed lower thermal conductivities of 0.43 and 0.84 W/m·K when measured parallel (S) and perpendicular (T) to the pressing direction, respectively. Its compressive strengths were 35 and 22 MPa when measured perpendicular and parallel to the pressing direction, respectively. Thus, there was a trade off in improving both compressive strength and thermal conductivity in the vermiculate-ceramic composites. Improving compressive strength while keeping low thermal conductivity is a challenging issue in the application of the vermiculate-based ceramics as a thermal insulating board for steelmaking industry.
In this work, the effect of additives on compressive strength and thermal conductivity of vermiculite-SiO 2 composites was investigated. The contents of vermiculite and cellulose fibers were fixed as 40 and 25 mass %, respectively. The SiO 2 content was ranged from 25 to 35 mass %, depending the additive content (010 mass %). The additives added were TiO 2 and SiC. The TiO 2 and SiC have a relatively higher thermal conductivity (30 and 290 W/m·K, respectively) than the other refractory materials, 10) but they are widely used as refractory materials because of their excellent thermal and chemical stability at high temperatures. Thus, the two ceramics have been selected as additives for fabricating vermiculate-SiO 2 composites with layered structure in this study. pure, Kojundo Chemical Laboratory Co., Sakado, Japan), SiC (³10¯m, Matsumi Kemmazai, Kyoto, Japan), and cellulose fiber (BE600/3PU, length 40¯m, thickness 20¯m, density 220 kg/ m 3 , Nycon Materials Co., Ltd., Seoul, Korea) were used as raw materials. Four batches of the powder mixtures were prepared, as shown in Table 1 . All batches were milled separately in a polypropylene jar for 24 h using ethanol and ZrO 2 grinding balls. The milled slurry was dried and pressed uniaxially under a pressure of 30 MPa. The compacts were then sintered at 1100°C for 2 h in air.
Experimental procedure
The bulk density of each sample was calculated from the weight-to-volume ratio. The porosity was determined from the bulk density to true density ratio. The true density was calculated using the rule of mixtures. X-ray diffractometry (XRD) (D8 Discover, Bruker AXS GmbH, Germany) was performed on samples using Cu K¡ radiation for identifying crystalline phases in the samples. The fracture surface morphology was observed by scanning electron microscopy (SEM, S4300, Hitachi Ltd., Hitachi, Japan). The compressive strength of samples with a normal size of 5 mm © 5 mm © 10 mm was measured at a crosshead speed of 0.5 mm/min (Instron 4465, Instron Co., Ltd., Norwood, MA, USA). The thermal conductivity was measured on plate-shaped samples (8 mm © 8 mm © 2 mm) using a laser flash method (LFA 437, MicroFlash·, NetzschGeratebau GmbH, Germany).
Results and discussion
All samples consisted of their raw materials and no noticeable reaction products among the vermiculite, SiO 2 , and additives added were found in the XRD patterns, indicating that the materials are vermiculite-SiO 2 composites.
The densities of the sintered samples, VS1, VS2, VS3, and VS4 were 1890, 1730, 1580, and 1780 kg/m 3 , respectively. The porosities of the samples were 30.3% for VS1, 37.8% for VS2, 42.3% for VS3, and 36.8% for VS4. The VS1 sample showed the lowest porosity than the other samples. The results suggest that TiO 2 and SiC additives are effective in retarding partial densification of the composites.
The microstructures of the sintered samples were taken from the surfaces parallel (surface T) or perpendicular (surface S) to the pressing direction. The microstructures of surface T consisted of vermiculite-SiO 2 composite and aligned pores (Fig. 1) . In contrast, the microstructures of surface S consisted of plateshaped grains and irregular shaped pores (Fig. 2) . The pores were replicated from the cellulose fibers and were preferentially aligned perpendicular to the pressing direction, indicating the alignment of cellulose fibers during pressing. The SiO 2 and additive powders added were not clearly observed in the microstructure, indicating the formation of vermiculite-SiO 2 composite grains. The vermiculite-SiO 2 composite grains were preferentially aligned perpendicular to the pressing direction due to the alignment of cellulose fibers. Therefore, a layered structure obtained was formed by the addition of cellulose fibers and the use of uniaxial pressing. As shown in Fig. 1 , the addition of TiO 2 (VS2) or SiC (VS3) increased the pore size from 60¯m (VS1) to 80¯m (VS2) or 120¯m (VS3), respectively. In contract, the layer thickness of the vermiculite-SiO 2 composite grains decreased from 20¯m (VS1) to 15¯m (VS2) and 10¯m (VS3). The simultaneous addition of TiO 2 and SiC (VS4) increased the pore size a little from 60¯m (VS1) to 70¯m (VS4) and decreased the layer thickness from 20¯m (VS1) to 13¯m (VS4). The increased pore size led to the increased porosity: 30.3% for VS1, 37.8% for VS2, 42.3% for VS3, and 36.8% for VS4. The above results clearly suggest that the additives acted as inert particles in the vermiculite-SiO 2 composites and retarded the densification of the composites effectively. The effect of additives on the microstructures taken parallel to the pressing direction was less significant than the microstructures taken perpendicular to the pressing direction. However, the addition of additives generally increased the porosity and the homogeneity of pore distribution. Figures 2(b) 2(d) clearly shows higher porosity and more homogeneous distribution of pores than Fig. 2(a) . Figure 3 shows the compressive strength of the samples. The compressive strengths (58123 MPa) in the direction perpendicular to the pressing direction (T) were higher than those (22 68 MPa) in the direction parallel to the pressing direction (S). The higher strength in the direction perpendicular to the pressing direction was due to the more robust strut structure and lack of a layered pore structure in the direction than the other, i.e., anisotropy in the microstructure.
9) The VS1 sample showed highest strength (123 MPa) in the direction perpendicular to the pressing direction among the samples investigated. This may be due to the lowest porosity (36%) and thicker vermiculite-SiO 2 layer of the sample than the others, as shown in Figs. 1 and 3 . It is well documented that mechanical strength of porous ceramics generally increases with decreasing their porosity. 11) 13) The VS4 sample showed the highest strength (68 MPa) in the direction parallel to the pressing direction, and the second highest (96 MPa) in the direction perpendicular to the pressing direction among the samples investigated. The excellent strength of VS4 sample was due to the lower porosity (36.8%) of the sample than those of the VS2 (37.8%) and VS3 (42.3%) samples. Figure 3 also shows that the compressive strength generally decreased with increasing the porosity in both directions. This tendency has been observed in many other porous ceramics 14) 16) and attributed to the higher probability of pore coalescence at the higher porosity under load. Pore coalescence leads to a larger defect size, resulting in lower strength.
A previous work on vermiculite-ceramic composites 9) reported that the composite fabricated from 35 mass % vermiculate, 30 mass % SiO 2 , 5 mass % Al 2 O 3 , 5 mass % ZrO 2 and 25 mass % cellulose fibers showed compressive strengths of 47 and 35 MPa when measured perpendicular and parallel to the pressing direction, respectively. In contrast, the vermiculite-SiO 2 composites (VS4) fabricated from 40 mass % vermiculate, 25 mass % SiO 2 , 5 mass % TiO 2 , 5 mass % SiC and 25 mass % cellulose fibers in this study showed compressive strengths of 96 and 68 MPa when measured perpendicular and parallel to the pressing direction, respectively. Comparison of the compressive strengths suggests that the strengths (96 and 68 MPa in perpendicular and parallel to the pressing direction) of VS4 sample are 2 times higher in both directions than the previous works (1947 MPa) on vermiculite-ceramic (SiO 2 Al 2 O 3 ZrO 2 ) composites. It indicates that judicious selection of the ceramic additives is very important for improving the compressive strength of the composites.
The typical compressive strength of commercially available vermiculite insulation boards are in the range of 522 MPa. However, the vermiculite-SiO 2 composite (VS4) fabricated in the present study showed at least 35 times higher strength (68 96 MPa) than the commercial vermiculite insulation materials. The improved strength of the sample was attributed to (1) the lower porosity than the previous and commercial materials and (2) homogeneous microstructures. Figure 4 shows a lower magnification micrograph of VS4 sample and shows a very homogeneous microstructure, i.e., homogeneous distribution of aligned pores and lack of macroscopic defects. Figure 5 shows the thermal conductivity of the samples. As shown, anisotropy in thermal conductivity was observed in all samples, as observed in a previous work.
9 ) The thermal conductivities (0.451.13 W/m·K) of the samples parallel to the pressing direction (S) were lower than those (1.291.34 W/m·K) of the samples vertical to the pressing direction (T). The lower thermal conductivity parallel to the pressing direction was attributed to the larger number of discontinuities in the vermiculite-SiO 2 composites, i.e. the presence of aligned pores. The aligned pores made heat conduction more difficult in a direction parallel to the pressing direction (S) than that perpendicular to the pressing direction (T). Therefore, the anisotropy in thermal conductivity was attributed to the anisotropy in the microstructure.
As shown in Fig. 5 , the thermal conductivity in a direction parallel to the pressing direction generally decreased with increasing porosity. The addition of additives lowered the thermal conductivity of samples from 1.13 W/m·K for VS1 to 0.450.89 W/m·K for VS2-VS4. The VS4 sample showed the lowest thermal conductivity (0.45 W/m·K for the direction parallel to the pressing direction among the samples investigated. The decreased thermal conductivity of VS2-VS4 samples was attributed to the increased porosity and the beneficial contribution of additives. It is well known that SiC absorbs thermal radiation, resulting in lowering thermal conductivity. 17) , 18) It is also assumed that the radiation absorption ability of SiC may be enhanced in the presence of TiO 2 which acts as a catalyst in the radiation absorption process. The lower thermal conductivity of VS4 sample, which contained both SiC and TiO 2 , than those of VS2 and VS3 (0.88 and 0.89 W/m·K, respectively) supports the above assumption.
It is interesting that thermal conductivities of all samples were similar (1.291.34 W/m·K) in a direction perpendicular to the pressing direction. It was attributed to the preferential alignment of pores in the samples, i.e., almost no discontinuity in the direction perpendicular to the pressing direction. Thus, the effect of additives on the thermal conductivity was trivial in the direction.
The VS4 sample showed lower thermal conductivities (0.45 and 1.33 W/m·K for the direction parallel and perpendicular to the pressing direction) than VS2 (0.88 and 1.34 W/m·K for the direction parallel and perpendicular to the pressing direction, respectively), although the porosity of VS4 sample was lower than VS2 (37.8% for VS2 vs. 36.8% for VS4). Thus, the difference in thermal conductivity was attributed to the difference in the additive composition. The difference in ceramic composition was 5 mass % SiO 2 in VS3 sample and, instead of SiO 2 , 5 mass % SiC in VS4 sample. Generally, SiO 2 has lower thermal conductivity than SiC, however, when TiO 2 was added with SiC into vermicuite-SiO 2 composites, it was more effective than SiO 2 in lowering the thermal conductivity of the composites with layered structure.
A previous work on vermiculite-ceramic composites 9) reported that the composite fabricated from 35 mass % vermiculate, 30 mass % SiO 2 , 5 mass % Al 2 O 3 , 5 mass % ZrO 2 and 25 mass % cellulose fibers showed thermal conductivity of 0.57 W/m·K when measured parallel to the pressing direction. In contrast, the VS4 sample fabricated from 40 mass % vermiculate, 25 mass % SiO 2 , 5 mass % TiO 2 , 5 mass % SiC and 25 mass % cellulose fibers showed thermal conductivity of 0.45 W/m·K when measured parallel to the pressing direction. Comparison of the thermal conductivities of the two samples suggests that the increase in vermiculite content from 35 to 40 mass %, in turn the decrease in SiO 2 content from 30 to 25%, and replacement of Al 2 O 3 ZrO 2 with TiO 2 SiC decreased the thermal conductivity 21%. This result suggests that higher amount of vermiculite is beneficial for lowering the thermal conductivity of the vermiculite-SiO 2 composites. Furthermore, judicious selection of the additive composition is very important in manufacturing high strength vermiculite-SiO 2 composites with minimum increase in thermal conductivity. The compressive strength and thermal conductivity of the VS4 sample were 68 MPa and 0.45 W/m·K, respectively, for the direction parallel to the pressing direction. The strength of VS4 sample is at least 3 times higher than those (522 MPa) of commercially available vermiculite insulation boards while keeping similar thermal conductivity with those of commercially available vermiculite insulation boards.
Conclusions
The addition of cellulose fibers as a pore former led to a layered structure in vermiculite-SiO 2 composites. The layered structure produced anisotropy in both thermal conductivity and compressive strength. The composite fabricated from 40 mass % vermiculate, 35 mass % SiO 2 , and 25 mass % cellulose fibers showed a compressive strength of 54 MPa and a thermal conductivity of 1.13 W/m·K when measured parallel to the pressing direction. By adding 5 mass % TiO 2 and 5 mass % SiC into the above composition instead of 10 mass % SiO 2 , the compressive strength improved to 68 MPa and the thermal conductivity decreased to 0.45 W/m·K when measured parallel to the pressing direction. The improved properties obtained may be attributed to the enhanced radiation absorption ability of SiC in the presence of TiO 2 . The present results suggest that judicious selection of additive composition is very important in improving the compressive strength while maintaining low thermal conductivity in vermiculite-SiO 2 composites.
